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ABSTRACT 

A s i n g l e  s t a g e  i n v e s t i g a t i o n  of a s l o t t e d  s t a t o r  was conducted a s  

p a r t  o f  an o v e r a l l  program t o  e v a l u a t e  t h e  e f f e c t  o f  s l o t s  on t h e  pe r -  

formance of  h i g h l y  loaded compressor  r o t o r  and s t a t o r  b l ade  rows, A 

l i g h t l y  loaded f low g e n e r a t i o n  r o t o r  was used t o  provide  s t a t o r  i n l e t  

f l ow.  The s t a t o r  vanes  were 6 5 - s e r i e s  a i r f o i l s  having  a c a l c u l a t e d  

d i f f u s i o n  f a c t o r  based on t h e  t u r n i n g  f o r  an  u n s l o t t e d  vane o f  0 . 7 0 4 ,  

and an  i n l e t  Mach number o f  0.644 a t  a r a d i a l  p o s i t i o n  90% of  t he  span  

from t h e  vane t i p .  The measured s t a t o r  t o t a l  p r e s s u r e  l o s s e s  were 

c o n s i d e r a b l y  h i g h e r  t h a n  the  p red ic t ed  l o s s e s  a t  a l l  r a d i a l  s t a t i o n s .  
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SECTION I 
SUMMARY 

A s i n g l e - s t a g e  i n v e s t i g a t i o n  of  a s l o t t e d  s t a t o r  was conducted a s  

p a r t  o f  a n  o v e r a l l  program t o  e v a l u a t e  t h e  e f f e c t  of s l o t s  on t h e  p e r -  

formance of  h i g h l y  loaded compressor r o t o r  and s t a t o r  b l a d e  rows. The 

s i n g l e - s t a g e  r i g  had a h u b l t i p  r a t i o  o f  0 .8  and a t i p  d i a m e t e r  of  

approx ima te ly  40 i n .  The s t a t o r  vanes were 6 5 - s e r i e s  a i r f o i l s  hav ing  

a c a l c u l a t e d  D- fac to r  o f  0.704 based on t h e  t u r n i n g  f o r  a n  u n s l o t t e d  

vane  and a n  i n l e t  Mach number of 0.644 a t  a r a d i a l  s t a t i o n  90% of  t h e  

span  from t h e  t i p .  

a n  a s p e c t  r a t i o  of  1 .663,  and s o l i d i t y  of  1 .099 a t  t h e  mean r a d i u s .  

The vanes  were s l o t t e d  a t  approximately 55% c h o r d ; . t h e  s l o t s  extended 

from 5 t o  95% span  i n  each vane. A l i g h t l y  loaded flow g e n e r a t i o n  

r o t o r  was used t o  p rov ide  s t a t o r  i n l e t  c o n d i t i o n s .  

The vanes  had a c o n s t a n t  chord l e n g t h  of  2.18 i n . ,  

The measured D- fac to r  n e a r  t h e  s t a t o r  r o o t  was 0.53 a t  d e s i g n  i n -  

c i d e n c e .  The s t a t o r  d e v i a t i o n  ang le s  exceeded t h e  v a l u e s  p r e d i c t e d  

f o r  d e s i g n  i n c i d e n c e  by 9 deg n e a r  t h e  r o o t ,  1 deg a t  t h e  mean r a d i u s ,  

and 6 deg n e a r  t h e  t i p .  Measured l o s s  c o e f f i c i e n t  v a l u e s  were con- 

s i d e r a b l y  l a r g e r  t h a n  t h e  p r e d i c t e d  v a l u e s  a t  a l l  r a d i a l  s t a t i o n s .  

1-1 
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SECTION I1 
INTRODUCTION 

P r a t t  & whitney A i r c r a f t  i s  engaged i n  a program under  NASA C o n t r a c t  

NAS3-7603 t o  i n v e s t i g a t e  t h e  a p p l i c a t i o n  of  s l o t s  t o  a x i a l  f low com- 

p r e s s o r  r o t o r s  and s t a t o r s .  A s y s t e m a t i c  i n v e s t i g a t i o n  was conducted t o  

e s t a b l i s h  t h e  f e a s i b i l i t y  and e x t e n t  t o  which s l o t t e d  b l a d e  concep t s  

can be used t o  i n c r e a s e  a l l o w a b l e  b l ade  l o a d i n g s  and t h e  s t a b l e  ope ra -  

t i n g  range of  compressor s t a g e s .  To accomplish t h i s  o b j e c t i v e ,  t h r e e  

s t a t o r  vane rows and t h r e e  r o t o r  b l ade  rows r e p r e s e n t i n g  a p r o g r e s s i o n  

i n  d e s i g n  d i f f u s i o n  f a c t o r s  were b u i l t  f o r  t e s t .  I n  t h e  s t a t o r  t e s t s ,  

a r e p r e s e n t a t i v e  s t a t e - o f -  t h e - a r t  r o t o r  was used t o  g e n e r a t e  t h e  s t a t o r  

i n l e t  f low.  

The aerodynamic a n a l y s i s  and d e s i g n  of  t h e  t e s t  b l a d i n g  and a s s o -  

c i a t e d  hardware were accomplished under t h e  d e s i g n  phase of  t h e  program 

(Refe rence  1). A l l  r o t o r s  and s t a t o r s  were des igned  w i t h  t h e  same 

r o t o r  e x i t  and s t a t o r  i n l e t  a b s o l u t e  v e l o c i t i e s  and a i r  a n g l e  d i s t r i -  

b u t i o n s  t o  p e r m i t  t e s t i n g  of a n y  combination o f  r o t o r  and s t a t o r .  Fo r  

d e s i g n  pu rposes ,  it w a s  assumed t h a t  t h e  flow d e v i a t i o n  a n g l e  f o r  

s l o t t e d  r o t o r s  and s t a t o r s  would be approx ima te ly  h a l f  t h e  v a l u e s  normally 

used f o r  u n s l o t t e d  b l a d e s .  A s  p a r t  of t h e  d e s i g n  e f f o r t ,  a s e r i e s  of 

a n n u l a r  ca scade  t e s t s  w i t h  s l o t t e d  s t a t o r s  was conducted t o  e s t a b l i s h  

p r e l i m i n a r y  c r i t e r i a  f o r  t h e  d e s i g n  of  r o t o r  and s t a t o r  s l o t s  f o r  t h e  

r o t a t i n g  s t a g e  t e s t  program (Reference 2 ) .  The o v e r a l l  and b l a d e  

element  performance d a t a  f o r  p r e v i o u s l y  r e p o r t e d  s l o t t e d  b l a d e  rows 

a r e  p r e s e n t e d  i n  References 3 through 7. 

Th i s  r e p o r t  p r e s e n t s  t h e  d a t a  and performance r e s u l t s  o b t a i n e d  w i t h  

t h e  t h i r d  s l o t t e d  s t a t o r  c o n f i g u r a t i o n  ( S t a t o r  3 ) .  S t a t o r  3 b l a d i n g  

was d e s i g n e d  w i t h  6 5 - s e r i e s  a i r f o i l  s e c t i o n s  and had c a l c u l a t e d  d e s i g n  

hub v a l u e s  of  D - f a c t o r  l o a d i n g  and i n l e t  Mach number (wi thou t  s l o t s )  

of  0.704 and 0.644, r e s p e c t i v e l y .  The s t a t o r  vanes were s l o t t e d  a t  

approx ima te ly  55% chord and t h e  s l o t s  extended from 5% t o  95% span  i n  

each vane. A l i g h t l y  loaded flow g e n e r a t i o n  r o t o r  was used t o  e s t a b -  

l i s h  flow c o n d i t i o n s  i n t o  t h e  t e s t  s t a t o r . .  I n l e t  gu ide  vanes p rov ided  

r o t o r  p r e w h i r l  and e x i t  gu ide  vanes were used t o  t u r n  t h e  flow back 

t o  n e a r - a x i a l .  

11-1 



Pratt & Whitney Flircraft 
PWA FR-2288 

O v e r a l l  performance and b l a d e  element d a t a  were o b t a i n e d  a t  50 ,  70 ,  

9 0 ,  100, and 110% of  t h e  d e s i g n  e q u i v a l e n t  r o t o r  speed .  Blade element 

d a t a  were o b t a i n e d  a t  1 0 ,  30,  50 ,  7 0 ,  and 90% span  l o c a t i o n s  behind 

e a c h  of  t h e  t h r e e  b l a d e  rows. 

D e t a i l s  of t h e  t e s t  equipment ,  p r o c e d u r e s ,  and t e s t  r e s u l t s  f o r  t h e  

s l o t t e d  S t a t o r  3 t e s t  c o n f i g u r a t i o n ,  a s  w e l l  a s  p e r t i n e n t  d e s i g n  d e t a i l s ,  

a r e  p r e s e n t e d  i n  t h i s  r e p o r t .  Complete aerodynamic and mechanical  

d e s i g n  d e t a i l s  a r e  i n c l u d e d  i n  Reference 1. 

11-2 
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SECTION I11 
TEST EQUIPMENT 

A .  FACILITY 

The compressor t e s t  f a c i l i t y  i s  shown s c h e m a t i c a l l y  i n  f i g u r e  111-1. 

The compressor  r o t o r  i s  powered by a s i n g l e - s t a g e  t u r b i n e  u s i n g  e x h a u s t  

g a s e s  from a 575 s l a v e  eng ine .  The t u r b i n e  speed i s  r e g u l a t e d  by a 

h y d r a u l i c a l l y  a c t u a t e d  i n l e t  flow c o n t r o l  v a l v e .  The s l a v e  eng ine  ex- 

h a u s t  i s  a l s o  used t o  d r i v e  a two-stage e x h a u s t  e j e c t o r  system. 

A i r  e n t e r e d  t h e  compressor t e s t  r i g  th rough  a 1 0 3 - f t  combined i n l e t  

d u c t ,  plenum, and bel lmouth i n l e t ,  and exhaus ted  through a n  e x i t  d i f f u s e r  

t o  t h e  atmosphere.  An a r e a  c o n t r a c t i o n  r a t i o  from plenum t o  compressor 

i n l e t  of  approx ima te ly  1 O : l  provided e s s e n t i a l l y  s t a g n a t i o n  c o n d i t i o n s  

i n  t h e  plenum. The i n l e t  d u c t  and plenum were mounted on a t r a c k  and 

cou ld  be r o l l e d  away from t h e  compressor r i g  i n l e t  t o  f a c i l i t a t e  con- 

f i g u r a t i o n  changes.  The plenum was s e a l e d  t o  t h e  compressor r i g  i n l e t  

s e c t i o n  w i t h  a n  i n f l a t a b l e  rubber  tube s e a l .  

B. COMPRESSOR TEST R I G  

The compressor r i g ,  shown i n  f i g u r e  111-2,  comprises  be l lmou th  i n l e t ,  

t e s t  s e c t i o n ,  and exhaus t  s e c t i o n .  The t e s t  s e c t i o n  h a s  a h u b / t i p  r a t i o  

of  0.8 and a r o t o r  t i p  d i ame te r  of approximately 40 i n .  The r o t o r  assembly 

and s h a f t  a r e  suppor t ed  on two bea r ings  t h a t  t r a n s m i t  l o a d s  t o  t h e  o u t e r  

c a s e  th rough  s t r u t s  l o c a t e d  i n  t h e  i n l e t  and exhaus t  c a s e  a s s e m b l i e s .  

The t e s t  s e c t i o n  h a s  a s p l i t  o u t e r  case t h a t  p e r m i t s  gu ide  v a n e ,  r o t o r ,  

and s t a t o r  assembly changes w i t h o u t  removing t h e  r i g  from t h e  t e s t  s t a n d .  

A s e t  of moto r -d r iven  t h r o t t l e  vanes i s  l o c a t e d  i n  t h e  exhaus t  c a s e  t o  

v a r y  f low r a t e .  

A s e c t i o n  view of t h e  flow p a t h  i s  shown i n  f i g u r e  111-3. Flow i s  

a c c e l e r a t e d  through t h e  i n l e t  s t r u t  s t a t i o n  and gu ide  vanes i n  a con- 

v e r g e n t  passage t o  t h e  r o t o r  i n l e t .  T h e r e a f t e r ,  t h e  i n n e r  w a l l  d i a m e t e r  

remains c o n s t a n t  a t  32.85 i n . ,  whereas t h e  o u t e r  w a l l  converges f u r t h e r  

t h rough  t h e  r o t o r  b l a d e  and s t a t o r  vane rows t o  a d i ame te r  of  40 i n .  

I n  g e n e r a l ,  t h e  flow p a t h  i s  designed t o  s i m u l a t e  t h e  m i d d l e - s t a g e  

environment o f  a s t a t e - o f - t h e - a r t  m u l t i s t a g e  compressor.  

111- 1 
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P r o v i s i o n s  were made f o r  end-wall  b l e e d  a t  t h e  r o t o r  t i p  and s t a t o r  

r o o t  and t i p ,  a s  shown i n  f i g u r e  111-4. Bleed a i r  f lowed through p e r -  

f o r a t e d  p l a t e  sh rouds ,  shroud mani fo lds ,  and 24 approx ima te ly  e q u a l l y  

spaced  t u b e s  t o  i n d i v i d u a l  main c o l l e c t o r  man i fo lds  f o r  t h e  r o t o r  and 

s t a t o r .  The c o l l e c t o r  mani fo lds  exhaus ted  through t h e  f a c i l i t i e s  e j e c t o r  

sys tem.  Rotor  and s t a t o r  b l eed  flow r a t e s  were c o n t r o l l e d  and measured 

s e p a r a t e l y .  

C .  STAGE BLADING DESIGN 

To e x p e d i t e  t h i s  r e s e a r c h  program, t h e  aerodynamic and mechanical  

d e s i g n  of  t h e  b l a d i n g  was completed and f a b r i c a t i o n  i n i t i a t e d  p r i o r  

t o  t h e  comple t ion  o f  t h e  a n n u l a r  cascade program. F i n a l  s l o t  c o n f i g u r a -  

t i o n s  were based on t h e  r e s u l t s  o f  t h e  cascade  t e s t s .  The d e s i g n  d e t a i l s  

f o r  t h e  i n l e t  gu ide  v a n e ,  f low g e n e r a t i o n  r o t o r ,  and s l o t t e d  S t a t o r  3 

a r e  g i v e n  i n  Reference  1. P e r t i n e n t  d e s i g n  i n f o r m a t i o n  i s  g i v e n  below 

f o r  convenience.  

1. I n l e t  Guide Vane 

The i n l e t  gu ide  vanes  were des igned  t o  p rov ide  a r o t o r  p r e w h i r l  

d i s t r i b u t i o n  of 38.2 deg a t  t h e  hub (90% span)  t o  39.8 deg a t  t h e  t i p  

(10% span) .  NACA 6 3 - s e r i e s  b l a d e  s e c t i o n s  were chosen f o r  t h i s  purpose .  

D e t a i l s  of t h e  guide  vane des ign  a r e  p r e s e n t e d  i n  t a b l e  111-1. 

2. Flow Genera t ion  Rotor  

NACA 6 5 - s e r i e s  b l a d e  s e c t i o n s  were s e l e c t e d  f o r  t h e  flow g e n e r a t i o n  

r o t o r  b l a d i n g .  The b l a d i n g  was des igned  w i t h  a camber d i s t r i b u t i o n  o f  

36.8 deg a t  t h e  hub (90% span)  t o  34.5 deg a t  t h e  t i p  (10% span)  and 

w i t h  a t i p  D- fac to r  of  0.379. D e t a i l s  of t h e  r o t o r  d e s i g n  a r e  p r e -  

s e n t e d  i n  t a b l e  111-1. 

3. S t a t o r  3 

a .  Blade Design 

S l o t e d  S t a t o r  3 b l a d i n g  was designed w i t h  a c o n s t a n t  e q u i v a l e n t  

c i r c u l a r  a r c  camber of  58.34 deg and a c o n s t a n t  b lade-chord  a n g l e  of  

34 .1  deg. The s t a t o r s  a r e  6 5 - s e r i e s  a i r f o i l  s e c t i o n s  w i t h  a d e s i g n  

r o o t  (90% span)  D- fac to r  of 0.704 ( u n s l o t t e d )  and a d e s i g n  i n l e t  Mach 

number of 0.644. 
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S o l i d i t y ,  t h i c k n e s s  r a t i o s  , and a s p e c t  r a t i o s  f o r  t he  s e l e c t e d  se r ies  

a i r f o i l s  were r e p r e s e n t a t i v e  o f  t h e  middle s t a g e  o f  a s t a t e - o f - t h e - a r t  

compressor .  A d d i t i o n a l  d e t a i l s  o f  the S t a t o r  3 d e s i g n  a r e  p r e s e n t e d  i n  

t a b l e  111-1. 

b.  S l o t  Design 

S t a t o r  3 s l o t  geometry and l o c a t i o n  were based on t h e  r e s u l t s  of 

p r e l i m i n a r y  a n n u l a r  ca scade  t e s t s  of s l o t t e d  s t a t o r  vanes  and an a n a l y s i s  

o f  S t a t o r  3 s u c t i o n  s u r f a c e  boundary l a y e r  s e p a r a t i o n  (Refe rences  1 

and 2 ) .  

The s e l e c t e d  s l o t  geometry was s i m i l a r  t o  a p r e f e r r e d  s l o t  geometry 

determined i n  t h e  a n n u l a r  cascade program. Blade t h i c k n e s s  a t  t h e  

i n t e r s e c t i o n  of s l o t  c e n t e r l i n e  and b l a d e  meanl ine was s e l e c t e d  a s  a n  

approximate s c a l i n g  pa rame te r  t o  s c a l e  t h e  s l o t  s i z e  from t h e  o v e r s i z e  

(6.5 i n .  cho rd )  a n n u l a r  ca scade  vanes t o  t h e  2.18-in.  chord S t a t o r  3 

vanes .  

The s l o t  c e n t e r l i n e  i n t e r s e c t e d  t h e  b l a d e  s u c t i o n  s u r f a c e  a t  55% 

c h o r d ,  approx ima te ly  halfway between t h e  minimum p r e s s u r e  p o i n t  and t h e  

c a l c u l a t e d  s e p a r a t i o n  p o i n t .  T h i s  s l o t  l o c a t i o n  was determined under 

t h e  a n n u l a r  cascade t e s t s  t o  be s u p e r i o r  t o  a n  a l t e r n a t i v e  l o c a t i o n  

n e a r  t h e  s e p a r a t i o n  p o i n t .  A schemat i c  drawing and p e r t i n e n t  dimensions 

of t h e  b l a d e  s l o t  a r e  p r e s e n t e d  i n  f i g u r e  111-5. F i g u r e  111-6 i s  a 

photograph of  a s l o t t e d  S t a t o r  3 vane. 

D. INSTRUMENTATION 

I n s t r u m e n t a t i o n  was provided f o r  o v e r a l l  and b l a d e  element  performance 

measurements f o r  each b l a d e  row. Axial  l o c a t i o n s  of  i n s t r u m e n t a t i o n  

s t a t i o n s  a r e  i n d i c a t e d  i n  f i g u r e  111-3, and schemat i c s  showing t h e  de- 

t a i l e d  i n s t r u m e n t a t i o n  a t  each  a x i a l  l o c a t i o n  a r e  p r e s e n t e d  i n  f i g -  

u r e s  111-7 through 111-10. 

1. Rig I n l e t  Cond i t ions  

Weight flow was measured w i t h  an ASME s t a n d a r d  t h i n  p l a t e  o r i f i c e  

l o c a t e d  i n  t h e  i n l e t  d u c t .  
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S i x  s t a t i c  p r e s s u r e  t a p s  and s i x  t e m p e r a t u r e  p robes  were l o c a t e d  i n  

t h e  plenum chamber f o r  measurement of i n l e t  t o t a l  p r e s s u r e  and tempera- 

t u r e .  

S i x  e q u a l l y  spaced s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on both t h e  

i n n e r  and o u t e r  w a l l s  upstream of t he  i n l e t  gu ide  vanes  ( S t a t i o n  0) .  

From a r i g  c a l i b r a t i o n  ove r  a wide range of  we igh t  f l o w s ,  a c o r r e l a t i o n  

between t h e s e  s t a t i c  p r e s s u r e s  and weight flow was d e r i v e d  and used t o  

check subsequen t  we igh t  flow measurements. 

2. S t a t i o n  1 (Guide Vane E x i t / R o t o r  I n l e t )  

A s e c t i o n a l  view of t h e  flow pa th  a t  S t a t i o n  1 showing t h e  circum- 

f e r e n t i a l  and r a d i a l  l o c a t i o n s  of  i n s t r u m e n t a t i o n  i s  p r e s e n t e d  i n  f i g -  

u r e  1 1 1 - 7 .  Rotor i n l e t  a i r  a n g l e  measurements were o b t a i n e d  a t  two 

c i r c u m f e r e n t i a l  l o c a t i o n s  w i t h  20-deg wedge t r a v e r s e  p robes .  A 20-tube 

wake t r a v e r s e  p robe ,  a l i g n e d  approx ima te ly  w i t h  t h e  ave rage  gu ide  vane 

e x i t  a i r  a n g l e ,  was i n s t a l l e d  t o  measure t h e  gu ide  vane wake t o t a l  

p r e s s u r e  d i s t r i b u t i o n .  Four s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on b o t h  

t h e  i n n e r  and o u t e r  w a l l s .  The wedge p robes  and s t a t i c  p r e s s u r e  t a p s  

were l o c a t e d  approx ima te ly  a long  e x t e n s i o n s  of  guide vane midchannel 

l i n e s .  T o t a l  and s t a t i c  p r e s s u r e  d a t a  were a v a i l a b l e  from t h e  20-deg 

wedge probe f o r  comparison. 

3 .  S t a t i o n  2 (Rotor  E x i t / S t a t o r  I n l e t )  

A s e c t i o n a l  view of t h e  flow path showing t h e  c i r c u m f e r e n t i a l  and 

r a d i a l  l o c a t i o n s  o f  i n s t r u m e n t a t i o n  a t  S t a t i o n  2 i s  p r e s e n t e d  i n  f i g -  

u r e  111-8. Two 20-deg wedge t r a v e r s e  probes were used f o r  a i r  a n g l e ,  

t o t a l  p r e s s u r e ,  and t o t a l  t empera tu re  measurements. Three s e t s  of K i e l  

head t o t a l  p r e s s u r e  p robes  were l o c a t e d  a t  r a d i a l  p o s i t i o n s  co r re spond ing  

t o  1 0 ,  30, 5 0 ,  and 70% span  and two K i e l  p robes  were l o c a t e d  a t  90% span .  

The p robes  were c i r c u m f e r e n t i a l l y  l o c a t e d  s o  t h a t  t h e  t h r e e  p robes  a t  

any g i v e n  r a d i a l  p o s i t i o n  averaged approximately t h e  p r e s s u r e s  a c r o s s  

a gu ide  vane wake. Four s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  on b o t h  

t h e  i n n e r  and o u t e r  w a l l s .  An 8-deg wedge t r a v e r s e  probe was used 

f o r  r a d i a l  s t a t i c  p r e s s u r e  measurements. 
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4 .  S t a t i o n  2A ( S t a t o r  E x i t )  

A s e c t i o n a l  view o f  t h e  flow pa th  showing c i r c u m f e r e n t i a l  and r a d i a l  

l o c a t i o n s  o f  i n s t r u m e n t a t i o n  a t  S t a t i o n  2A i s  p r e s e n t e d  i n  f i g u r e  111-9. 

S t a t o r  e x i t  a i r  a n g l e  was measured w i t h  a 20-deg wedge t r a v e r s e  probe.  

A 20-tube r a k e  t r a v e r s e  probe was used f o r  measurement of  s t a t o r  vane 

wake t o t a l  p r e s s u r e  d i s t r i b u t i o n .  Four s t a t i c  p r e s s u r e  t a p s  were l o c a t e d  

on b o t h  t h e  i n n e r  and o u t e r  w a l l s ,  and a n  8-deg wedge t r a v e r s e  probe was 

p rov ided  f o r  r a d i a l  s t a t i c  p r e s s u r e  measurement. An i n t e r n a l  l e a k  was 

d i s c o v e r e d  i n  t h e  20-deg wedge probe used a t  S t a t i o n  2A i n t r o d u c i n g  a n  

e r r o r  i n  probe a i r  a n g l e  measurements. Measurements from t h i s  probe 

were t h e r e f o r e  n o t  used.  

5.  S t a t i o n  3 

S t a t i o n  3 i s  one chord - l eng th  f a r t h e r  from t h e  s t a t o r  e x i t  p l a n e  

t h a n  S t a t i o n  2A. I n s t r u m e n t a t i o n  a t  t h i s  s t a t i o n  ( f i g u r e  111-10) i n -  

c luded  two 20-deg wedge t r a v e r s e  p robes ,  f o u r  s e t s  of K i e l  head t o t a l  

p r e s s u r e  p robes  a t  1 0 ,  30, 50,  70, and 90% span  l o c a t i o n s ,  f o u r  s e t s  

o f  K i e l  head t empera tu re  p robes  a t  t he  same f i v e  span  l o c a t i o n s ,  and 

f o u r  s t a t i c  p r e s s u r e  t a p s  on b o t h  the  i n n e r  and o u t e r  w a l l s .  The 20-deg 

wedge probes were used f o r  s t a t o r  e x i t  a i r  a n g l e  measurements. S t a g e  

e x i t  t o t a l  t empera tu re  was based on K i e l  head probe t e m p e r a t u r e  measure- 

ments a t  S t a t i o n  3. Data o b t a i n e d  from t h e  o t h e r  i n s t r u m e n t a t i o n  a t  

t h i s  s t a t i o n  were g e n e r a l l y  used f o r  comparison w i t h  t h e  S t a t i o n  2A d a t a .  

6. D e s c r i p t i o n  of Probes 

D e t a i l s  of  t h e  20- and 8-deg wedge p r o b e s ,  wake p r o b e s ,  and K i e l  

p r e s s u r e  and t empera tu re  p robes  a r e  shown i n  f i g u r e  111-11. The 20-deg 

wedge probe s e n s e s  a i r  a n g l e  , t o t a l  p r e s s u r e  , and t o t a l  t empera tu re .  

The 8- and 20-deg wedge probes and the K i e l  t e m p e r a t u r e  p robes  were 

c a l i b r a t e d  f o r  Mach number e f f e c t  a p p r o p r i a t e l y  on probe measurements 

of s t a t i c  p r e s s u r e  and t o t a l  t empera tu re .  

The wake p robes  con ta ined  20 t o t a l  p r e s s u r e  p i ckups  formed by 

0.042-in.  OD hypo t u b i n g  and spaced a s  shown i n  t h e  f i g u r e .  

111-6 
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7.  I n s t r u m e n t a t i o n  Readout 

T r a v e r s e  probe d a t a  ( t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  a i r  a n g l e ,  

t o t a l  t e m p e r a t u r e ,  and r a d i a l  t r a v e l )  were r eco rded  on magnet ic  t a p e  

a t  t h e  r a t e  o f  60 samples (2.5 i n .  probe t r a v e l )  p e r  minu te .  Steady-  

s t a t e  p r e s s u r e  measurements were ob ta ined  u s i n g  a s c a n n i v a l v e  m u l t i -  

channe l  p r e s s u r e  t r a n s d u c e r  sys t em,  which i n c l u d e s  a u t o m a t i c  d a t a  re- 

c o r d i n g  on IBM c a r d s .  K i e l  probe t empera tu res  were i n d i c a t e d  on a 

p r e c i s i o n  p o t e n t i o m e t e r ,  and manually r e c o r d e d .  

Plenum p r e s s u r e s ,  two OD s t a t i c  p r e s s u r e s  a t  S t a t i o n  0 ,  pr imary and 

b l e e d  system f l o w - m e a s u r i n g - o r i f i c e  p r e s s u r e s ,  and two S t a t i o n  3 rnidspan 

K i e l  probe p r e s s u r e s  were r eco rded  on manometer t u b e s  i n  t h e  t e s t  s t a n d  

c o n t r o l  room t o  pe rmi t  s e t t i n g  t h e  d e s i r e d  flow c o n d i t i o n s .  

8 .  S p e c i a l  I n s t r u m e n t a t i o n  

a .  Ro to r  Speed 

Rotor  rpm was measured w i t h  a n  e l e c t r o m a g n e t i c  pickup mounted a d j a -  

c e n t  t o  a 6 0 - t o o t h  g e a r  on t h e  r o t o r  s h a f t .  Gear t o o t h  p a s s i n g  f r equency  

was d i s p l a y e d  a s  rpm on a n  Anadex d i g i t a l  r eadou t  system. A c l o s e d  

loop  c o n t r o l  system ma in ta ined  r o t o r  speed t o  w i t h i n  approx ima te ly  21%. 

b.  S t r e s s  

F i v e  r o t o r  b l a d e s  and two s t a t o r  vanes  were i n s t r u m e n t e d  w i t h  s t r a i n  

gages l o c a t e d  a s  shown i n  f i g u r e  111-12 t o  mon i to r  t o r s i o n a l  and bend- 

i n g  s t r e s s e s .  

c .  V i b r a t i o n  

Displacement p i ckups  were mounted on forward and r e a r  s e c t i o n s  of 

t h e  compressor r i g  o u t e r  c a s e  t o  monitor r i g  v i b r a t i o n .  

d.  Bleed Flow Rate 

The end-wall  b l e e d  flow from t he  r o t o r  and s t a t o r  rows was measured 

by means of s t a n d a r d  ASME t h i n  p l a t e  o r i f i c e s  l o c a t e d  i n  t h e  b l e e d  

man i fo ld  e x h a u s t  d u c t s .  

111-7 
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SECTION I V  
PROCEDURES 

A .  TEST PROCEDURE 

1. Wall  Bleed Flow Rate  S e l e c t i o n  

a.  Rotor  B l e e d  

With t h e  compressor o p e r a t i n g  a t  d e s i g n  s p e e d ,  t h e  b l e e d  flow r a t e  

was a d j u s t e d  t o  e n s u r e  t h a t  t h e r e  was no r e c i r c u l a t i o n  th rough  t h e  

b l e e d  manifold from S t a t i o n  2 ( r o t o r  e x i t )  t o  S t a t i o n  1 ( r o t o r  i n l e t ) .  

Th i s  was accomplished by m o n i t o r i n g  t h e  s t a t i c  p r e s s u r e  d i f f e r e n c e  

between S t a t i o n  1 and t h e  b l e e d  manifold and a d j u s t i n g  t h e  b l e e d  v a l v e  

u n t i l  t h e  manifold p r e s s u r e  was l e s s  t h a n  t h a t  of  S t a t i o n  1. The max- 

imum b l e e d  flow r a t e  a t t a i n a b l e  w i t h  t h e  b l e e d  system was r e q u i r e d  t o  

produce t h e  d e s i r e d  r e s u l t s  a t  choke c o n d i t i o n s  ( l o w e s t  S t a t i o n  1 s t a t i c  

p r e s s u r e ) .  The v a l v e  s e t t i n g  f o r  t h i s  f low r a t e  was n o t  changed a t  

o t h e r  r o t o r  speed and flow c o n d i t i o n s .  

b. S t a t o r  Bleed 

With t h e  r o t o r  OD w a l l  b l e e d  s e t  a t  t h e  maximum r a t e  t h e  p rocedure  

d e s c r i b e d  above was r e p e a t e d  f o r  t h e  s t a t o r  by mon i to r ing  t h e  s t a t i c  

p r e s s u r e  d i f f e r e n c e  between S t a t i o n  2 and t h e  s t a t o r  b l e e d  man i fo ld .  

It  was a l s o  n e c e s s a r y  t o  a d j u s t  t h e  s t a t o r  b l e e d  v a l v e  f o r  maximum flow 

t o  e n s u r e  no r e c i r c u l a t i o n  a t  choke c o n d i t i o n s .  T h i s  v a l v e  s e t t i n g  

was used th roughou t  t h e  program. 

2.  S t r e s s  Survey 

Blade s t r e s s e s  were monitored du r ing  r i g  o p e r a t i o n  a t  d e s i g n  speed 

and d u r i n g  o p e r a t i o n  i n t o  t h e  s t a l l  r e g i o n  a t  a l l  r o t o r  speed c o n d i t i o n s .  

3 .  O v e r a l l  and Blade Element Performance T e s t s  

O v e r a l l  and b l a d e  element  performance d a t a  were o b t a i n e d  a t  f i v e  

r o t o r  speed c o n d i t i o n s  (50,  70, 9 0 ,  100, and 110% of d e s i g n  speed)  and 

a t  approx ima te ly  s i x  p o i n t s  p e r  speed l i n e  t o  a d e q u a t e l y  d e f i n e  s t a t o r  

and s t a g e  performance between choke and s t a l l .  The n e a r - s t a l l  p o i n t  

was de t e rmined  on t h e  b a s i s  of  s t r a i n  gage o u t p u t  and s t a g e  e x i t  t o t a l  

p r e s s u r e  i n d i c a t e d  on manometers. 

t h e  f i x e d  p r e s s u r e  and t empera tu re  i n s t r u m e n t a t i o n  d a t a  were r eco rded  

IV- 1 
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f i v e  t i m e s ,  c o r r e s p o n d i n g  t o  f i v e  d i s c r e t e  r a d i a l  l o c a t i o n s  of t h e  i n l e t  

gu ide  vane and s t a t o r  vane wake probes.  T r a v e r s e  d a t a  were u s u a l l y  

r e c o r d e d  d u r i n g  t h e  l a s t  r e c o r d i n g  of f i x e d  i n s t r u m e n t a t i o n .  I n  t h i s  

manner,  r e p r e s e n t a t i v e  ave rage  v a l u e s  of  flow and p r e s s u r e s  could be 

de t e rmined  f o r  t h e  t i m e  p e r i o d  ( approx ima te ly  45 min) o f  d a t a  r e c o r d i n g  

a t  each  p o i n t .  

B. DATA REDUCTION PROCEDURES 

1. P r e l i m i n a r y  Data Reduct ion 

Data r e d u c t i o n  was accomplished i n  t h r e e  s t e p s  u s i n g  t h r e e  computer 

programs. The f i r s t  s t e p  invo lved  conve r s ion  o f  raw d a t a  t o  e n g i n e e r i n g  

u n i t s .  T r a v e r s e  d a t a  ( t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  t o t a l  t e m p e r a t u r e ,  

and a i r  a n g l e ) ,  o b t a i n e d  a t  approximately 0 .04 - in .  i nc remen t s  a c r o s s  t h e  

span ,  were a u t o m a t i c a l l y  t a b u l a t e d  and p l o t t e d .  

These d a t a  were reviewed t o  i d e n t i f y  and e l i m i n a t e  any o b v i o u s l y  

q u e s t i o n a b l e  d a t a  p r i o r  t o  t h e  subsequent  d a t a  r e d u c t i o n  s t e p .  

The 

1. 

2.  

3 .  

4. 

5 .  

A 1  1 

p r i n t e d  

second d a t a  r e d u c t i o n  s t e p  accomplished t h e  f o l l o w i n g :  

Mach number c o r r e c t i o n s  t o  t empera tu re  d a t a  

Mass ave rage  of  wake probe da ta  

C i r c u m f e r e n t i a l  a r i t h m e t i c  ave rage  of f i x e d  and t r a v e r s e  
i n s t r u m e n t a t i o n  d a t a  

C o r r e c t i o n  of  a l l  p r e s s u r e  and t empera tu re  d a t a  t o  NASA 
s t a n d a r d  day ambient  c o n d i t i o n s  

S e l e c t i o n  by i n t e r p o l a t i o n  of t o t a l  p r e s s u r e ,  s t a t i c  p r e s s u r e ,  
t o t a l  t e m p e r a t u r e ,  and a i r  ang le  v a l u e s  a t  s p e c i f i e d  r a d i a l  
l o c a t i o n s  f o r  i n p u t  t o  t h e  f i n a l  d a t a  r e d u c t i o n  s t e p .  

c o r r e c t e d  d a t a  were a v a i l a b l e  f o r  f u r t h e r  i n s p e c t i o n  i n  t h e  

r e s u l t s  from t h i s  computer program, which i n c l u d e d  i n d i v i d u a l  

d a t a  v a l u e s  a s  w e l l  a s  averaged q u a n t i t i e s .  The t h i r d  s t e p  i n  t h e  d a t a  

r e d u c t i o n  procedure invo lved  c a l c u l a t i o n  of  o v e r a l l  and b l a d e  element  

performance p a r a m e t e r s ,  which a r e  de f ined  i n  t h e  f o l l o w i n g  pa rag raphs .  

2 .  Parameter  C a l c u l a t i o n  

The f o l l o w i n g  o v e r a l l  and b l a d e  element  performance pa rame te r s  were 

c a l c u l a t e d  f o r  t h e  a n a l y s i s  of  t e s t  d a t a  and t h e  e v a l u a t i o n  of s l o t t e d  

S t a t o r  3 performance. Symbols a r e  d e f i n e d  i n  Appendix A. 

I V - 2  



Pratt & Whitney Rircraft 
PWA FR-2288 

a .  O v e r a l l  Performance 

(1) Weight Flow 

Weight flow i s  p r e s e n t e d  i n  te rms  o f  c o r r e c t e d  weight  f low,  d e f i n e d  

a s  

W = W d h  c o r r  

where 

W = a c t u a l  weight  flow 

6 = r a t i o  of t o t a l  t empera tu re  (plenum) t o  NASA s t a n d a r d  

6 = r a t i o  o f  t o t a l  p r e s s u r e  (plenum) t o  NASA s t a n d a r d  

s e a  l e v e l  t empera tu re  

s e a  l e v e l  p r e s s u r e .  

Values  of  c o r r e c t e d  weight  flow p r e s e n t e d  i n  t h e  f i g u r e s  and t a b l e s  

i n c l u d e  r o t o r  and s t a t o r  b l e e d  flow r a t e s .  Pe rcen tage  b l e e d  flow r a t e s  

f o r  t h e  two b lade  rows a r e  t a b u l a t e d  s e p a r a t e l y  ( t a b l e  B-1) .  

( 2 )  P r e s s u r e  R a t i o  

P r e s s u r e  r a t i o s  were c a l c u l a t e d  f o r  t h e  r o t o r ,  gu ide -vane - ro to r  and 

g u i d e - v a n e - r o t o r - s t a t o r  b l ade  row combina t ions .  Behind t h e  r o t o r ,  f i x e d  

K i e l  head and t r a v e r s e  probe t o t a l  p r e s s u r e  d a t a  were a r i t h m e t i c a l l y  

averaged  a t  each  span  l o c a t i o n  and t h e  p r o f i l e  t h u s  determined was 

mass-flow averaged  a c r o s s  t h e  span .  

Behind t h e  gu ide  vane and s t a t o r  t h e  wake probe p r e s s u r e s  were f i r s t  

mass-flow i n t e g r a t e d  a t  each span  l o c a t i o n ,  and t h e  r e s u l t i n g  ave rage  

p r e s s u r e s  were t h e n  mass-flow averaged i n  t h e  r a d i a l  d i r e c t i o n .  

(3) A d i a b a t i c  E f f i c i e n c y  

A d i a b a t i c  e f f i c i e n c y  a c r o s s  t h e  r o t o r  i s  d e f i n e d  a s  

Y -  1 

where : 
- 
P1 = mass averaged  p r e s s u r e  behind t h e  guide  vane  

IV-3 
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T1 = 518.7'R 

P2 = mass averaged  p r e s s u r e  behind  t h e  r o t o r  

T3 = mass averaged  tempera ture  behind  t h e  s t a t o r .  

- 
- 

To o b t a i n  a d i a b a t i c  e f f i c i e n c i e s  f o r  t h e  gu ide  v a n e - r o t o r  combina t ion  o r  

f o r  t h e  e n t i r e  s t a g e ,  a p p r o p r i a t e  average  p r e s s u r e s  were used.  

b .  Blade Element Performance 

(1) D i f f u s i o n  F a c t o r  

D i f f u s i o n  f a c t o r  f o r  t h e  r o t o r  i s  d e f i n e d  a s  

I 1 

2 uvl 

D i f f u s i o n  f a c t o r  f o r  t h e  s t a t o r  i s  d e f i n e d  a s  

O(2 - 2A) AV '2A D = I - -  
+ 2 a v 2  v2 

(2)  D e v i a t i o n  

Rotor  b l ade  d e v i a t i o n  i s  d e f i n e d  a s  

S t a t o r  d e v i a t i o n  i s  d e f i n e d  a s  

do2* = P ,  - '2A 
1 

where K and K a r e  t h e  r o t o r  b l ade  and s t a t o r  vane t r a i l i n g  edge me ta l  

a n g l e s  based on e q u i v a l e n t  c i r c u l a r  a r c  camber l i n e s  f o r  t h e  6 5 - s e r i e s  

a i r f o i l .  

2 2A 

( 3 )  I n c i d e n c e  Angle 

Rotor  i n c i d e n c e  a n g l e  i s  d e f i n e d  a s  
1 I 

= P,  - Kl m l  i 

S t a t o r  i n c i d e n c e  a n g l e  is  de f ined  a s  

i m2 = P ,  - K 2  
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1 

where K and K a r e  t h e  r o t o r  b l a d e  and s t a t o r  vane l e a d i n g  edge me ta l  

a n g l e s  based on t h e  e q u i v a l e n t  c i r c u l a r  a r c  camber l i n e s  f o r  t h e  6 5 - s e r i e s  

a i r f o i l .  

1 2 

( 4 )  T o t a l  P r e s s u r e  Loss  C o e f f i c i e n t  

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  f o r  t h e  r o t o r  i s  d e f i n e d  a s  

where ( - )  r e f e r s  t o  mass-averaged wake t o t a l  p r e s s u r e .  

For  t h e  i n l e t  gu ide  v a n e s ,  t o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  i s  d e f i n e d  

as 

where q 

weight  f low and t h e  a n n u l a r  a r e a  a t  t h e  guide  vane i n l e t .  

i s  o b t a i n e d  from i s e n t r o p i c  f low r e l a t i o n s h i p s  u s i n g  o r i f i c e  
0 

T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  f o r  t h e  s t a t o r  i s  d e f i n e d  a s  

- - '2 - '2, 
(2  - 2A.) p, - P, 

G 
L L 

(5)  Loss  Parameter  

S t a t o r  t o t a l  p r e s s u r e  l o s s  i s  a l s o  p r e s e n t e d  i n  terms of t h e  l o s s  

pa rame te r  , 

2 6  
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SECTION V 
RESULTS AND DISCUSSION 

Performance of  s l o t t e d  S t a t o r  3 was e v a l u a t e d  on t h e  b a s i s  of  s t a g e  

p r e s s u r e  r i s e  and e f f i c i e n c y  c h a r a c t e r i s t i c s  a s  f u n c t i o n s  of  r o t a t i v e  

speed and we igh t  f low,  a s  w e l l  a s  of b l a d e  element d i f f u s i o n  f a c t o r ,  

d e v i a t i o n ,  and l o s s  c o e f f i c i e n t  a s  f u n c t i o n s  of  i n c i d e n c e  a n g l e ,  and of 

l o s s  pa rame te r  a s  a f u n c t i o n  o f  D- fac to r .  

S l o t t e d  S t a t o r  3 performance r e s u l t s  a r e  compared (1) w i t h  p r e d i c t e d  

u n s l o t t e d  S t a t o r  3 performance and ( 2 )  w i t h  a v a i l a b l e  NASA r o t a t i n g  

cascade  performance r e s u l t s .  Overa l l  and b l a d e  element  performance 

pa rame te r  v a l u e s ,  b l e e d  flow r a t e s ,  and b l a d e  element  v e c t o r  diagram 

d a t a  f o r  t h e  guide vane ,  r o t o r ,  and s t a t o r  a r e  t a b u l a t e d  i n  Appendix B. 

A. OVERALL PERFORMANCE 

O v e r a l l  performance f o r  t h e  s l o t t e d  S t a t o r  3 t e s t  c o n f i g u r a t i o n  i s  

p r e s e n t e d  i n  terms of  e f f i c i e n c y  and p r e s s u r e  r a t i o  v e r s u s  c o r r e c t e d  

we igh t  f low,  W f l / / s ,  and c o r r e c t e d  s p e c i f i c  we igh t  f low,  W 6 / 6 A ,  i n  

f i g u r e s  V - 1 ,  V-2 ,  and V - 3 ,  r e s p e c t i v e l y ,  f o r  t h e  flow g e n e r a t i o n  r o t o r ,  

gu ide  v a n e - r o t o r  and guide v a n e - r o t o r - S t a t o r  3 combinat ions.  Each 

f i g u r e  c o n t a i n s  t h e  performance r e s u l t s  o b t a i n e d  a t  t h e  f i v e  t e s t  r o t o r  

speed c o n d i t i o n s .  O v e r a l l  performance and p e r c e n t  b l e e d  f lows a r e  

t a b u l a t e d  i n  t a b l e  B-1 .  

The p r e s s u r e  r i s e  and e f f i c i e n c y  of  t h e  flow g e n e r a t i o n  r o t o r  ( f i g -  

u r e  V - 1 )  a t  d e s i g n  e q u i v a l e n t  r o t o r  speed and flow c o n d i t i o n s  a r e  h i g h  

compared t o  t h e  p r e d i c t e d  v a l u e s .  The r o t o r  i n c i d e n c e  was h i g h e r  t h a n  

p r e d i c t e d  f o r  d e s i g n  c o n d i t i o n s ,  and r o t o r  d e v i a t i o n  a n g l e  was lower 

t h a n  p r e d i c t e d .  These f a c t o r s  combined t o  i n c r e a s e  t h e  work and f low 

of t h e  s t a g e .  S ince  t h e  t empera tu re  r i s e  of t h e  s t a g e  i s  s m a l l  ( a b o u t  

30 deg)  i t  i s  expec ted  t h a t  t h e  e f f i c i e n c y  d a t a  f o r  t h e  r o t o r  w i l l  show 

c o n s i d e r a b l e  s c a t t e r ;  t h i s  sou rce  of e r r o r  becomes s i g n i f i c a n t  a s  s t a g e  

p r e s s u r e  and t empera tu re  r i s e  dec rease .  A d d i t i o n a l  d i s c u s s i o n  o f  flow 

g e n e r a t i o n  r o t o r  performance i s  p r e s e n t e d  i n  Refe rence  6. F i g u r e s  V-2 

and V - 3  i n d i c a t e  a l a r g e  r e d u c t i o n  of s t a g e  performance due t o  S t a t o r  3 

l o s s e s .  The i n f l u e n c e  of  h i g h  s t a t o r  l o s s e s  on a low-work s t a g e  

(P2/P1 = 

s t a t o r  l o s s  on a s t a g e  hav ing  a h ighe r  work i n p u t  (P  /P - 1.3 - 1.4) .  

v-1 

1.1 - 1 . 2 )  i s  expec ted  t o  be  g r e a t e r  t h a n  t h e  i n f l u e n c e  o f  

2 1 -  
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T h e r e f o r e ,  t h e  l o w  v a l u e  of  s t a g e  e f f i c i e n c y  f o r  t h e s e  t e s t s  i s  no t  

s i g n i f i c a n t .  

A coinparison of t h e  measured a i r f l o w  w i t h  t h e  a i r f l o w  c a l c u l a t e d  

from t r a v e r s e  and f i x e d  probe  d a t a  i s  p r e s e n t e d  i n  f i g u r e  V-4. The 

d a t a  r e l a t i n g  t o  r o t o r  d i s c h a r g e  flow a r e  w i t h i n  t h e  a l l o w a b l e  5% band. 

Downstream o f  t h e  s t a t o r ,  a b i a s  toward h i g h  i n t e g r a t e d  weight  f lows  

i s  n o t i c e a b l e  and many of  t h e  d a t a  p o i n t s  f a l l  o u t s i d e  t h e  5% band. A 

d e t a i l e d  examinat ion  of t h e  d a t a  and r e d u c t i o n  procedure  has  shown t h a t  

t h i s  b i a s  i s  a t t r i b u t a b l e  t o  t h e  numer ica l  i n t e g r a t i o n  used i n  t h e  

c a l c u l a t i o n .  A s  a p a r t  of t h i s  i n t e g r a t i o n ,  t h e  mass-averaged t o t a l  

p r e s s u r e  c a l c u l a t e d  from t h e  s t a t o r  wake d a t a  i s  used t o  g e n e r a t e  a 

r a d i a l  flow d i s t r i b u t i o n ,  which i s  then  i n t e g r a t e d  t o  de te rmine  t h e  

t o t a l  f low. The employment of  t h e  mass-averaged t o t a l  p r e s s u r e  i n  t h i s  

c a l c u l a t i o n  l e a d s  t o  e r r o n e o u s l y  h igh  f lows  s i n c e  no accoun t ing  i s  made 

o f  t h e  d isp lacement  t h i c k n e s s e s  of the  wakes. The magnitude of t h i s  

f low d i f f e r e n c e  i s  dependent  upon the  s i z e  of t h e  wake and t h u s  v a r i e s  

w i t h  spanwise l o c a t i o n  and t h e  c o n f i g u r a t i o n  of  t h e  s t a t o r  and t h e  

s t a t o r  i n c i d e n c e  and Mach number. A numer ica l  example i s  used a s  a n  

i l l u s t r a t i o n .  A d a t a  p o i n t  from f i g u r e  V-4 was s e l e c t e d  f o r  which a 

l a r g e  (10%) d i f f e r e n c e  between i n t e g r a t e d  and o r i f i c e - m e a s u r e d  f low was 

noted .  The wake r ake  d a t a  were used t o  c a l c u l a t e  t h e  c i r c u m f e r e n t i a l  

and r a d i a l  d i s t r i b u t i o n  of  flow w i t h o u t  r e c o u r s e  t o  t h e  use of ave rage  

q u a n t i t i e s .  A double  i n t e g r a t i o n  ( a r e a )  was t h e n  performed t o  d e t e r -  

mine t h e  f low.  Thus computed, t h e  flow was 84.5 l b / s e c ,  compared w i t h  

82 .7  l b / s e c  based on t h e  measured o r i f i c e  f low w i t h  deduc t ions  f o r  t h e  

w a l l  b l e e d .  Th i s  d i f f e r e n c e ,  2 . l % , i s  i n  keep ing  w i t h  t h e  a c c e p t a b l e  

d e v i a t i o n .  

The mass-averaged p r e s s u r e  r a t i o  was subsequen t ly  recomputed f o r  

t h i s  p o i n t  t o  observe  t h e  e x t e n t  t o  which p r e s s u r e  r a t i o  i s  a l s o  a f f e c t -  

ed by t h e  employment of  t h e  mass-averaged t o t a l  p r e s s u r e  of  each  r a d i a l  

l o c a t i o n  behind t h e  s t a t o r .  The recomputed v a l u e  o f  1.118 was w e l l  

w i t h i n  t h e  p l o t t i n g  accu racy  of t h e  v a l u e  of  1.116 o r i g i n a l l y  computed. 

S ince  t h e  c a l c u l a t i o n  of mass-average p r e s s u r e  r a t i o  u t i l i z e s  t h e  flow 

computed from t h e  mass-average t o t a l  p r e s s u r e  a t  t h e  v a r i o u s  d i a m e t e r s  

i n  b o t h  t h e  numerator  and denominator of  t h e  w e i g h t i n g  f r a c t i o n ,  ZWWpfzW , 
i t  i s  t o  b e  expec ted  t h a t  t h e  e f f e c t  on p r e s s u r e  r a t i o  would be s m a l l .  
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B ,  BLADE ELEMENT PERFORMANCE 

1. S t a t o r  I n l e t  Cond i t ions  

The s t a t o r  i n l e t  a i r  a n g l e  and Mach number d i s t r i b u t i o n s  f o r  d e s i g n  

e q u i v a l e n t  r o t o r  speed a r e  p re sen ted  i n  f i g u r e  V-5. The s t a t o r  was 

o p e r a t i n g  w i t h i n  1 t o  2 deg of  t h e  i n d i c a t e d  d e s i g n  a i r  a n g l e  d i s t r i b u -  

t i o n  a t  we igh t  f lows  of  90.04 and 84.71 l b l s e c  ( n e a r  choke f low condi -  

t i o n s  f o r  t h e  s t a g e ) .  The s t a t o r - i n l e t  Mach number a t  d e s i g n  i n c i d e n c e  

o p e r a t i o n  was t h e r e f o r e  s l i g h t l y  h ighe r  t h a n  t h e  d e s i g n  i n l e t  Mach 

number. Flow g e n e r a t i o n  r o t o r  o v e r t u r n i n g  of  about  3 deg accoun t s  f o r  

t h e  d i f f e r e n c e  between t h e  d e s i g n  weight  f low of 80  l b l s e c  and t h e  

weight  flow f o r  which s t a t o r  d e s i g n  i n c i d e n c e  was ach ieved .  A s  a conse-  

quence,  t h e  s t a t o r  was s u b j e c t e d  t o  inc idence  a n g l e s  i n  t h e  s t a l l  d i r e c -  

t i o n  from t h e  minimum l o s s  inc idence  a n g l e  over  t h e  s t a t o r  o p e r a t i n g  

range .  

2. S t a t o r  Loss C o e f f i c i e n t ,  Dev ia t ion ,  D-Factor  

S l o t t e d  S t a t o r  3 l o s s  c o e f f i c i e n t ,  d e v i a t i o n  a n g l e ,  and D- fac to r  a t  

d e s i g n  r o t o r  speed a r e  p r e s e n t e d  a s  f u n c t i o n s  o f  i n c i d e n c e  a n g l e  i n  

f i g u r e s  V - 6  th rough V-10. Each f i g u r e  co r re sponds  t o  one span  l o c a t i o n .  

I n  g e n e r a l ,  t h e  l o s s e s  a r e  ex t remely  l a r g e  r e l a t i v e  t o  two-dimensional  

f low l o s s e s  a t  a l l  span  l o c a t i o n s .  The l a r g e  d e v i a t i o n  a n g l e s  a t  10 ,  

30, 70 ,  and 90% span  and t h e  h i g h  l o s s  c o e f f i c i e n t  v a l u e s  i n d i c a t e  a 

s i g n i f i c a n t  amount of  f low s e p a r a t i o n .  The d i f f u s i o n  f a c t o r  v a l u e s  a r e  

co r re spond ing ly  low r e l a t i v e  t o  t h e  p r e d i c t e d  v a l u e s .  

Blade  element  pa rame te r s  f o r  a l l  speed l i n e s  a r e  combined i n  f i g -  

u r e s  V - 1 1  th rough V-15. The d e v i a t i o n  and D - f a c t o r  d a t a  form w e l l -  

d e f i n e d  cu rves  w i t h  i n c i d e n c e  a t  each of  t h e  f i v e  span  l o c a t i o n s .  

D e v i a t i o n  v a l u e s  may be b i a s e d  s l i g h t l y  l o w  s i n c e  measurements of  s t a t o r  

e x i t  f low a n g l e  were o b t a i n e d  a t  S t a t i o n  3 ,  approximate ly  1% chord 

l e n g t h s  downstream o f  t h e  s t a t o r  b lade  row. The l o s s  c o e f f i c i e n t  d a t a  

s c a t t e r  i s  a t t r i b u t e d  t o  t h e  i n h e r e n t  i n a c c u r a c y  o f  p r e s s u r e  measurements 

i n  a s e p a r a t e d  (nons teady)  f low f i e l d .  
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3 .  Loss Pa rame te r  

c o s  6 / 2U ,  i s  p r e s e n t e d  a s  a f u n c t i o n  of 
3 

LOSS p a r a m e t e r ,  6 
2 - 2A 

D - f a c t o r  f o r  t h e  b l a d e  element d a t a  o b t a i n e d  a t  9 0 ,  100 and 110% d e s i g n  

r o t o r  speeds  i n  f i g u r e s  V-16a through V-16c. The NASA c o r r e l a t i o n  c u r v e  

f o r  NASA 6 5 - s e r i e s  a n n u l a r  ca scade  minimum l o s s  ( r e f e r e n c e  i n c i d e n c e )  

d a t a  reproduced from Reference 8 i s  shown f o r  comparison. The s l o t t e d  

S t a t o r  3 d a t a  a r e  s e p a r a t e d  acco rd ing  t o  90 and 10% s p a n ,  70 and 30% s p a n ,  

and 50% span. Darkened symbols r e f e r  t o  minimum los s  p o i n t s .  The 

measured l o s s  pa rame te r  v a l u e s  a r e  c o n s i d e r a b l y  h i g h e r  t h a n  t h e  NASA 

c o r r e l a t i o n  cu rve  v a l u e s .  
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S E C T I O N  V I  
CONCLUDING D I S C U S S  I O N  

Blade element  d a t a  a t  f i v e  r a d i a l  l o c a t i o n s  and o v e r a l l  performance 

d a t a  were o b t a i n e d  f o r  a s i n g l e  s t a g e  compris ing s l o t t e d  S t a t o r  3,  a 

flow g e n e r a t i o n  r o t o r ,  and i n l e t  guide vanes .  S l o t t e d  S t a t o r  3 had a 

d e s i g n  D- fac to r  of 0.704 a t  a r a d i a l  l o c a t i o n  90% o f  span  from t h e  t i p  

and a c o n s t a n t  e q u i v a l e n t  camber ang le  o f  58.3 deg. The s t a t o r  o p e r a t e d  

c l o s e  t o  i t s  d e s i g n  i n c i d e n c e  a n g l e  a t  maximum flow c o n d i t i o n s .  The 

lo s s  and d e v i a t i o n  a n g l e  v a l u e s  were h i g h  r e l a t i v e  t o  p r e d i c t e d  v a l u e s  

a t  a l l  span  l o c a t i o n s .  D i f f u s i o n  f a c t o r  v a l u e s  were c o r r e s p o n d i n g l y  

lower t h a n  t h e  p r e d i c t e d  v a l u e s .  From t h e s e  r e s u l t s ,  i t  i s  concluded 

t h a t  f low s e p a r a t i o n  from t h e  s u c t i o n  s u r f a c e  o f  t h e  s t a t o r  vanes  

occur red  f u r t h e r  upstream t h a n  p r e d i c t e d  (Refe rence  1). Th i s  may have 

p l aced  t h e  s e p a r a t i o n  p o i n t  i n  c l o s e  p rox imi ty  t o  t h e  s l o t ;  t h i s  cond i -  

t i o n  was found t o  be u n d e s i r a b l e  i n  the  p r e l i m i n a r y  a n n u l a r  ca scade  

s t u d i e s  (Reference 2 ) .  It may be necessa ry  t o  i n c o r p o r a t e  a d d i t i o n a l  

s l o t s  c l o s e r  t o  t h e  l e a d i n g  edge of h i g h l y  cambered (60 deg)  a i r f o i l  

s e c t  i o n s .  
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SECTION VI1 
ILLUSTRATIONS 

T h i s  s e c t i o n  c o n t a i n s  t h e  i l l u s t r a t i o n s  t h a t  have been r e f e r e n c e d  

i n  t h e  p reced ing  s e c t i o n s .  
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Pressure Surface Suction Surface 

Figure 111-6. Typical Slotted Stator 3 Vane FD 22751 
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0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
0 Traverse Wake Probe 

Probe angular position is measured clockwise from the top. 

Figure 111-7. Instrumentation, Station 1, FD 18596C 
View Looking Downstream 
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.4" 

*Radial location as a percent of span from tip is denoted by the 
number within the symbol 

Figure 111-8. Instrumentation, Station 2, FD 18595F 
View Looking Downstream 
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TOP 

0 Wall Static Pressure 
A Traverse Wedge Probe, 20" 
A Traverse Wedge Probe, 8" 
0 Traverse Wake Probe 

Probe angular position is measured clockwise from the top. 

Figure 111-9. Instrumentation, Station 2A, FD 18594C 
View Looking Downstream 
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0 Wall Static 
ATraverse Wedge Probe, 20" 
ATraverse Wedge Probe, 8" 
0 Kiel Probe * 
0 Temperature * 

*Radial location as a percent of span from tip is denoted by the 
number within the symbol 

Figure 111-10. Instrumentation, Station 3, 
View Looking Downstream 

FD 18597C 
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INTEGRATED CORRECTED AIRFLOW, (WW\lii7&) integrated 

F i g u r e  V - 4 .  Air f low C o n t i n u i t y  Comparison DF 58416 
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F i g u r e  V-6 .  S t a t o r  Blade Element Performance: 100% Design DF 58418 
E q u i v a l e n t  Rotor  Speed, 10% Span From T i p  
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F i g u r e  V - 7 .  S t a t o r  Blade Element Performance: 100% Design DF 58419 
E q u i v a l e n t  Rotor  Speed,  30% Span From T i p  
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F i g u r e  V-10. S t a t o r  Blade Element Performance:  100% Design DF 58422 
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F i g u r e  V - 1 1 .  V a r i a t i o n  of S t a t o r  Blade Element Pa rame te r s  DF 58423 
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APPENDIX A 
DEFINITION OF SYMBOLS 

A.  GENEML NOMENCLATURE 

AA 

C 

D 

i 
m 

M 

0 

0;k 

P 

P 

4 

R 

S 

S 

T 

t 

U 

v 
W 

P 
Y 

YO 

6 

6 O  

'ad 

e 

K 

P 

Flow pa th  a n n u l a r  a r e a ,  i n .  2 

Chord l e n g t h ,  i n .  

D i f f u s i o n  f a c t o r  

Inc idence  a n g l e  based on a n  e q u i v a l e n t  
c i r c u l a r  a r c ,  deg 

Absolute  Mach number 

Minimum b l a d e  passage  gap ,  i n .  

C r i t i c a l  b l a d e  passage gap,  i n .  

T o t a l  p r e s s u r e  , p s i a  

S t a t i c  p r e s s u r e ,  p s i a  

P r e s s u r e  e q u i v a l e n t  of t h e  v e l o c i t y  
head ,  p s i a  

Reynolds number based on chord l e n g t h  

Blade s p a c i n g ,  i n .  

Blade span ,  i n .  

T o t a l  t e m p e r a t u r e ,  R 

Blade maximum t h i c k n e s s ,  i n .  

Rotor speed ,  f t / s e c  

Absolute v e l o c i t y ,  f t / s e c  

Ac tua l  f low r a t e ,  l b  / s e c  

Absolute a i r  a n g l e ,  deg  

R a t i o  of s p e c i f i c  h e a t s  

Blade-chord a n g l e ,  deg 

R a t i o  of t o t a l  p r e s s u r e  t o  NASA s t a n d a r d  
s e a  l e v e l  p r e s s u r e  o f  2116 p s f  

Dev ia t ion  a n g l e  , deg 

Adiaba t i c  e f f i c i e n c y  

0 

m 

R a t i o  of t o t a l  t e m p e r a t u r e  t o  NASA 
s t a n d a r d  s e a  l e v e l  t empera tu re  of  
518.7'R 

Blade me ta l  a n g l e ,  deg 

Dens i ty ,  l b  / f t  m 

S o l i d i t y ,  c / S  

3 

A- 1 
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9 

3 T o t a l  p r e s s u r e  l o s s  c o e f f i c i e n t  

Blade camber a n g l e ,  K1 - K 2 ,  deg 

S u b s c r i p t s  : 

0 

1 

2 

2A 

3 

Z 

e 

S u p e r s c r i p t s  : 

B. SLOT NOMENCLATURE 

A2 

R 

R 
P 

1 

2 

r 

r 

t 

Guide vane i n l e t  

Rotor  i n l e t  

Rotor  e x i t  

S t a t o r  e x i t  

Downstream o f  s t a t o r  e x i t  

Axia 1 component 

Tangen t i a l  component 

Rela ted  t o  r o t o r  b l a d e  

Mass average v a l u e  

2 
S l o t  t h r o a t  a r e a ,  i n .  

Coanda r a d i u s ,  i n .  

P r e s s u r e  s u r f a c e  edge r a d i u s ,  i n .  

S l o t  l ead ing  edge r a d i u s ,  i n .  

S l o t  t r a i l i n g  edge r a d i u s ,  i n .  

Blade t h i c k n e s s  a t  i n t e r s e c t i o n  of s l o t  
c e n t e r l i n e  and mean camber l i n e ,  i n .  

S l o t  cap tu re  d imens ion ,  i n .  

Slot t h r o a t  d imens ion ,  i n .  

Angle formed by s l o t  c e n t e r l i n e  and 
mean camber l i n e ,  deg 

C .  BLADE ELEMENT TABULATION NOMENCLATURE FOR TABLE B-2 

PCT SPAN 

D I A  

BETA 

BETA (P R) 

v 

Pe rcen t  span  

Diameter , i n c h e s  

Absolute  a i r  a n g l e ,  deg rees  

R e l a t i v e  a i r  a n g l e ,  deg rees  

Absolute  v e l o c i t y ,  f t  /sec 
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vz 
V - THETA 

U 
M 

TURN 

TURN (PR) 

UUBAK 

DFAC 

EFFP 

EFF 

I N C I D  

DEV 

LOSS PARA 
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A x i a l  component of v e l o c i t y  , f t / s e c  

T a n g e n t i a l  Component of a b s o l u t e  
v e l o c i t y  , f t  / s e c  

R e l a t i v e  v e l o c i t y ,  f t / s e c  

T a n g e n t i a l  component of r e l a t i v e  
v e l o c i t y  , f t  I s e c  

Wheel speed,  f t l s e c  

Absolute Mach number 

R e l a t i v e  Mach number 

A i r  t u r n i n g  , d e g r e e s  

R e l a t i v e  a i r  t u r n i n g ,  deg rees  

Loss  c o e f f i c i e n t  

D i f f u s i o n  f a c t o r  

P o l y t r o p i c  e f f i c i e n c y  

A d i a b a t i c  e f f i c i e n c y  

I n c i d e n c e ,  d e g r e e s  

Dev i a  t i  o n ,  de g r e  e s  

Loss  parameter  
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APPENDIX B 
TABULATED PE RF  ORMAN CE 

The o v e r a l l  performance and p e r c e n t  r o t o r  and s t a t o r  b l eed  f l o w  r a t e s  

f o r  e a c h  t e s t  p o i n t  a r e  p r e s e n t e d  i n  t a b l e  B-1 .  

Tab le  B - 2  p r e s e n t s  b l a d e  element d a t a  f o r  each t e s t  p o i n t .  D e f i n i -  

t i o n s  o f  t h e  b l a d e  element  parameters  a s  t a b u l a t e d  i n  t h e  computer 

p r i n t o u t s  a r e  p r e s e n t e d  i n  Appendix A. 
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